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PREFACE

This report was prepared by Gary M. Trachier, Electronics Techaician,
James S. Morse, Electroanics Engineer, both of the Engineering and Measure-
ment Services Branch, Technical Services Division, and Steven F. Daly,
Research Hydraulic Engineer, Ice Engineering Research Branch, Experimental
Engineering Division, U.S. Army Cold Regions Research and Engineering
Laboratory. Funding was provided by DA Project 4A161101A91D, In-House
Laboratory Independent Research.

Steven F. Daly determined the instrument's capabilities and require-
ments. James Morse conceived the idea of interfacing a thermistor and
resistance~to~voltage converter to a microprocessor., Gary Trachier
selected the modules and components, built the instrument, developed the
software and tested the final producte The authors thank John Kalafut for
his assistance in building the instrument, Robert Demars and David
L'Heureux for their precision photography and assistance in making the
printed circuit boards, Mark Hardenberg for editing this report and Matthew
Pacillo for drafting the figures.

The contents of this report are not to be used for advertising or pro-
motional purposes. Citation of brand names does not constitute an official

endorsement or approval of the use of such commercial products.
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USACRREL PRECISE THERMISTOR METER

"? G.M. Trachier, J.S. Morse and S.F. Daly

R INTRODUCTION

g
3.? The study of ice in rivers, and particularly frazil ice, has been
K frustrated by the lack of an instrument capable of determianing water

temperature with sufficient accuracy and precision. For example, in the

o,
g

study of frazil ice produced in rivers and streams, it is well known that

=
IR

supercooling of the water during frazil production in the field rarely

-

-
-

-

exceeds 0.,03°C, and never exceeds 0,05°C. It is vitally important that

-
—r_

temperatures of supercooling be measured accurately to within 0.01°C for

”
2 Yy

]

37 !

us to increase our understanding of the fundamentals of frazil formation.
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" Figure l. USACRREL precise thermistor meter.
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Many other ice phenomena may also be critically dependent on small changes
of supercooling. However, uantil now there has existed no temperature
measuring device that is both portable and rugged enough to be used in the
field and that has the precision and accuracy necessary.

This report describes an accurate, precise temperature measurement
instrument recently developed at CRREL (Fig. l). A unique feature of this
instrument is the use of software to compensate for temperature-dependent
variation in the instrument's circuitry. This greatly improves the

accuracy of the instrument over a wide range of ambient temperatures.

INSTRUMENT REQUIREMENTS

The meter would be primarily used to measure water temperature under a
variety of field conditions. It had to be built to meet the following
requirements:

l. Accuracy -— the meter should be accurate to 0.01°C % 0,025°C.

2. Operating conditions —-- the meter should be able to operate under
a variety of field conditions in temperatures ranging from -30° to 20°C.
It must also be waterproof, buoyant, and rugged enough to withstand the
rigors of field use.

3. Usability ~- the meter should have a digital readout of tempera-
ture. It should be hand-held and conveaient to use. To allow maximum

portability, it should be battery operated.

INSTRUMENT DEVELOPMENT

General

Given the meter requirements outlined in the previous section, a
survey was made of the commercially available digital thermometers; none
that approached the required accuracy and resolution were suitable for
field uses The majority required a 110-Vac power source and all would

;; operate correctly under a very limited ambient temperature range. In
3

:ﬁ addition, none were rugged enough or waterproof. Therefore, we decided to
)
“ develop and coastruct a unit at CRREL.
i ) The choice of temperature sensors was narrowed down to either a
?: Platinum Resistance Temperature Device (PtRTD) or a calibrated thermistor.
z' Both are widely used in industry and known for their long~term stability.
- We chose the thermistor. Thermistors have a much larger change in
"y 2
>
ﬂ
g
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Figure 2. Instrument circuit block diagram.

resistance per unit temperature change than a PtRTD, allowing greater
accuracy in measuring small changes in temperature.

There are two popular methods for precisely measuring resistance. One
uses the Wheatstone bridge, where the unknown resistance is matched to a
known resistance. The other uses a constant curreat that is passed through
the thermistor while the voltage across it 1s measured. The resistance can
then be calculated using Ohm's law. This is the principle behind a stand-
ard ohmmeter. These two methods are well proven, but inconvenient for
determining temperature. The user must first determine the thermistor's
resistance. He must then look up the resistance on a special table relat-~
ing resistance to temperatures One of these tables must be on hand for
each thermistor being used.

We decided to use a calibrated thermistor, constant current and an
analog~-to-digital (A/D) converter to measure the voltage (Fig. 2). This
voltage would then be used to determine the thermistor's resistance. To
avoid the inconvenience of conversion tables, we included a microcomputer
in the instrument to coavert the thermistor's resistance to a temperature
reading. The calculated temperature is then displayed.

The known resistance of the thermistor can be used to determine 1its
temperature by use of the Steinhart-Hart equation (Steinhart and Hart 1968,
Yellow Springs Iastruments Inc. 1971)., The constants for the Steinhart-
Hart equation would be entered by the user into memory, and remain there

until changed,
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The Steinhart-Hart equation, which describes the temperature of a
thermistor as a function of its resistance, is

-T;._=A+B*(1nR)+C*(1nR)3 (1)

where T = temperature (Kelvins)
R = thermistor resistance (ohms)
A,B,C = fitting constants (determined through the thermistor calibra-
tion).

Hardware

The electronics are housed in a case that 1s 7 in. wide, 11 in. long
and 8-1/2 in. high, which can be hand carried. The case has been sealed
thoroughly with silicone sealant on all through~holes, cutouts and weld
seams. This includes sealing the joint between the top panel aad the lower
box, and around all mounting holes on the top panel. Note that the hinged
cover does not make a waterproof seal when closeds The iastrument's
electronics consist of an analog Printed Circuit Board (PCB) that converts
the thermistor's resistance to a voltage, and a low power microcomputer

that converts the voltage to a temperature reading and displays it. The

Figure 3. Hardware.
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f}?%t Figure 4. Schematic of analog PCB circuit (low temperature coefficient
G bypass capacitors used; a bypass capacitor is placed between the digital
‘333 and analog grounds on the PCB).

?f: microcomputer consists of a processor board, memory board and an A/D

i*ﬁt converter board. The microcomputer programs were created on a National
,f&i Semiconductor Corporation Starplex II microprocessor development system.
i) With this system, the microcomputer programs were written in a higher level
'; i3 language, compiled, interactively debugged and then "dowa loaded” to the
;j£§ microcomputer. Figure 3 shows the hardware.

A5

Tk, Analog board
The schematic diagram of the analog PCB 1is shown in Figure 4., The

N
§§?§ analog PCB consists of the circuitry needed to convert the thermistor's
ﬁfﬂ resistance to a millivolt value and can be divided into two sections. The
$Q*' first portion of the circuit is a voltage—-to-current converter. It is a
e | standard "op~amp” (operational amplifier) circuit that converts the output

of the precision voltage reference to a constant current source (Stout and

Kaufman 1976). The AD2702UD precision voltage reference is the most stable

.
A
P i v Mty
A& A

one available without an internal heater. Its nominal output is 10.000

Y
3
|

Vdc, with a low (5 ppm/°C) temperature coefficient. We wanted one without

a heater to minimize power consumption from the battery pack.e The LM108AHM
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operational amplifier also has a very low power requirement and temperature

- e g o

coefficient (1 uV/°C). All of the resistors in this part of the circuit
have temperature coefficients of only 2 ppm/°C. :

The last part of the circuit is a current-to-voltage converter. The

thermistor is placed in the op—-amp's feedback loop. This assures that a
constant current of 12,207 pA 1is passed through it. The op-amp's output :
voltage is then linearly proportional to the thermistor's resistance (Stout :
and Kaufman 1976). f

Microcomputer system !

Processor board. .The processor board controls all Input/Output (I/0),

corrects the voltage for temperature~dependent variation, determines the

thermistor's resistance, and solves the Steinhart-Hart equation to

determine the thermistor's temperature, It has a National Semiconductor b
Corporation (NSC800) microprocessor, 2 kilobytes of Eraseable,

Programmable, Read Only Memory (EPROM) and 2 kilobytes of Random Access

Memory (RAM). It also contains the I/0 ports that interface to the

keyboard and Liquid Crystal Display (LCD). The machine cycle time of the

microcomputer is 1 us,

Memory board. The program and thermistor constants are stored on the <
memory board. Seven 27C16 2-kilobyte by 8-bit EPROMs and one 52B13 2~
kilobyte by 8-bit Electrically Alterable, Read Only Memory (EAROM) are

ey

mounted on this board. The program is stored in the former and the ther-~
mistor fitting constants in the latter. The EAROM requires a 10 ms write
cycle, so a hardware time delay was designed to lengthen the machine write

cycle from 1 us to 10 ms.

A/D boarde The A/D board converts the millivolt output from the ana-
log PCB to digital. A 12-bit CMOS integrating converter does this. There
are eight differential input channels that can be selected individually and
a programmable gain amplifier. The six ranges of the programmable gain
amplifier have full scale input voltages of 5.0, 2.5, 1.0, 0.5, 0,25, and
0.1 V. Temperature-dependent variations of this circultry are corrected by
the software. .

Only two of the eight available channels are useds One channel sam-~
ples the output of the analog PCB and the other monitors an onboard temper-

ature sensor, measuring the instrument's internal temperature. This

)
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Figure 5. OQutput units of onboard
temperature sensor.

measurement is required to allow the software to compensate for tempera-
ture-dependent variations in the analog PCB and the A/D board. The output
from the internal sensor is proportional to the actual temperature. The
relationship between the internal sensor output and temperature (°C) is

shown in Figure 5.

Software

The software has two tasks. The first is to control the iastrument
itself, initializing the instrument when it is turned on, accessing the A/D
converter, accepting information from the keyboard, displaying information,
etc. The second is to accurately determine the temperature of the ther-
mistor. It does this by applying the compensations required because of the
instrument's temperature, calculating the thermistor's true resistance, and
then solving the Steinhart-Hart equation. Appendix A contains listings and
flowcharts for the software.

The software module that accomplishes the first task is labeled METER
(Fig. Ala). METER was written in the higher level language PLM80. This
language 1is very convenient for interfacing the several boards that form
the instrument and it is especially useful for testing and manipulatiag the
bits of data that must be transferred between the boards.

The software module that accomplishes the second task is labeled
TMPCLC (Fig. Alb). This module is called as a subroutine by METER. TMPCLC
was written in the higher level language PASCAL because it would have been
impossible to do the required calculations with PLM80's 16-bit integer
arithmetic. PASCAL, on the other hand, is very good for mathematical

calculations but is difficult to use for interfacing boards.
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As mentioned earlier, the instrument was developed on a National Semi-~
conductor Corporation Starplex II microprocessor development system,
However, all of the Starplex system calls, file structure subroutines aad
1/0 subroutines were eliminated from the run-time library. This saves a
great deal of memory space.

Combining the PASCAL and PLM80 languages presented special problens,
including data transfer, duplicate function names and other interfacing
problems. To facilitate data transfer, all information is passed between
METER and TMPCLC through dedicated memory locations. This eliminates any
need for matching variable types between the languages. Debugging is made

easier when we know where each variable 1s stored.

METER

When the instrument is turned on, the program begins running METER.
The first function is to initialize the I/0 ports, the stack pointer and
the PASCAL pointers. The A/D circuit board is also ianitialized. The
program then repeatedly samples the A/D boards Sampling the A/D board for
a valid reading is a two-step process. First, the programmable op—amp is
set to the highest amplification, and second, a reading is taken on this
range and checked for an over-range indication. If it is anot over-range,
the program returns to the main loop. If the reading was over-range the
op-amp is set to the next lower amplification. The A/D board is sampled
and checked again for an overrange condition. This process of reducing the
amplification continues through each of the six ranges until a valid
reading is obtained. This procedure is used to keep the number output from
the A/D board as large as possible without going over-range, thus providing
the maximum accuracy of the instrument. When a valid reading has been ob-
tained, TMPCLC is called and the reading is converted to a temperature.

The keyboard is sampled within the range selection loop. If the 'F'-~
key is being pressed, the command interpreter subroutine labeled FUNCTION
is called. All other keys will be ignored. There are two things the user
may do while in FUNCTION, The thermistor calibration constants in use may
be displayed or new ones entered (refer to Appendix B for more detalled

operating instructions).

IMPCLC
The main function of TMPCLC is to convert the raw number output from

the A/D converter to a temperature reading. First, TMPCLC reads the ther-

8

B b by e e o g L e A e e L e R Yo

G Cof Nl .\,

3



i
g
- mistor constants from the EAROM and combines the digits to form floating
2%? point numbers. It uses a lookup table to determine the op~amp's voltage
;?Z range and the range-dependent temperature compeasation coefficients.
R The first compensation is applied to the full-scale voltage of the A/D
<ga~ board at the range selected. Through experimentation, described in the next
:;& section, we found that the full-scale voltage could be described as
2
i VFS =a +bT+cT?+dT3 (2)
" n n n n n
7%& where VFS, is the full-scale voltage of the nth range, a,, b,, c,,
“j d, are the temperature compensation coefficients associated with the ath
t,: range, and T is the instrument temperature, determined by the internal

. sensor.
? ; Next, the raw bianary 6utput of the A/D board is corrected for tempera-
4¢{ ture. This is done by the equation
o
. Y=X3+mT+b (3
W;? where X; is the raw output of the A/D board, m, and b,, are constants,
R associated with the nth range, and T is the instrument temperature, deter-
e mined by the onboard sensor. This equation in effect applies a tempera-
t;ﬁ ture—-dependent offset shift to the raw output of the A/D board. This off-
i: set was found through experimeatation, again described in the next sectione.
';: The actual voltage measured by the A/D board is found as
R
3:‘;)' MVADC = (Y/4095) * VFS (4)
i
%?1 where MVADC is the actual measured voltage, and 4095 is the total number of
f*’ bits at full scale. Next, there is a known offset associated with the

5 analog PCB, which is temperature-dependent. This offset, Fg, is deter-
{ % mined as
g-,_. Fe = %cp * Ppca® * CpcaT * bpgpl )
fg: where apcp» BPCB’ Cpcp s dpcp are the temperature compensation
::: coefficients associated with the analog PCB, and T is the instrument
QE; temperature, determined by the onboard sensor. Finally, the true
f'ﬁ resistance of the thermistor, RES, can be calculated as
i g
e

. -\; V ' ;':‘F:‘:\’,'fﬂ "L‘r‘*‘ : ;: x- \} P%"-\\."‘:}\' _;..‘r ,: .;_.‘;_:‘$
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RES = MVTRUE/12.207E~06 (6)

where RES is the thermistor resistance in ohms, 12.,207E-06 is the constant
curreat passed through the thermistor, and MVTRUE = MVADC + Fge.

Next, the Steinhart-Hart equation (eq 1) is used to convert the ther-
mistor's resistance to a temperature. At present, the program will work
only with thermistors with about 5 k@ resistance at 0°C, as the exponents
of the A, B, and C coefficieats are declared in TMPCLC as constants.

INSTRUMENT ACCURACY

The following sources of possible error have been identified.

Errors external to the instrument

Probe lead resistance

The probe leads will add resistance in series with the thermistor.
This will cause a decrease in the appareant temperature of the sample. The
6-ft 18-AWG (American Wire Gauge) stranded probe wire provided with the
instrument has a resistance of roughly 30 mQ. This results in an apparent
temperature decrease of about 0,001°C at an ambient temperature of 20°C,

which is the worst case.

Self-heating of the thermistor probe

Self~heating is the increase in temperature of the thermistor from the
dissipation of electrical energy within the thermistor itself. Calcula-
tions based on dissipation constants for bead thermistors (Omega 1984) show
that for the worst case of still alr, the temperature error 1is only about
+0.003°C. For a thermistor in a well-stirred oil bath, the error is only
+0.,0004°C in the worst case.

Calibration accuracy of the thermistors

Measurement error during .the thermistor calibration is another factor

but is beyond the scope of this report.

Uncertainty of the Steinhart-Hart equation

It has been shown that if the temperature span between aany two adja-

cent calibration poiats is less than 50°C, the Steinhart-Hart equation will

reproduce the actual temperature within 0.01°C (Yellow Spriags Instruments,
Inc. 1971),
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Figure 6. Analog PCB offset tempera-
ture compensation (center curve is
eq 5, with 90% confidence band shown.)

Internal Instrument errors

The remaining sources of error are associated with the instrument
itself. The individual errors have been characterized and, where possible,
are corrected by the software. The temperature correction equations in
TMPCLC play an important part in the instrument. Without them its accuracy
would be far less. The following procedure was used to determine the tem-
perature~dependent variation of the A/D converter board and the analog PCB.

Each was put iato a cold chamber. The chamber's temperature was
varied while the input to each board was held constant. The board output
was measured and a regression done on the data relating the board's output

to its temperature,

Temperature effects on analog PCB gain and offset

Through the tests described above we found that the offset (Fg) of
the analog PCB was temperature dependent. Equation 5 determines the tem-~
perature-dependent offset of the resistance~to-voltage circuit. We found
that offset error is much more significant than gain and nonlinearity
errors. The latter two are small enough to be ignored (see Fig. 6 for the

calibration curve).

Long-term stability of the analog PCB

The long~term stability of the circuit is both unknown and uncorrect-
able. The user should keep in mind, though, that most electroaic iastru-

ments should be recalibrated at least once a year,

Accuracy of the PASCAL math package

National Semiconductor's PASCAL math package uses 24-bit floating
point numbers internally. This maintains about 7 digits of precision. The

resulting error is insignificant.
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o Round-off of displayed temperatures

S}‘ The resolution of the liquid crystal display is 0.01°C. This means
.? that the temperatures must be rounded to the nearest 0.01°C before being
e displayed. This contributes up to * 0.,005°C error. This error can be

fs; reduced only by using a display with more digits.

?! A/D nonlinearity

L The analog-to-digital coaverter's nonlinearity is uncorrectable and
;{“ contributes * 1/2 bit to the instrumeat error.

%J A/D quantizing error

ik ' Quantiziag error is present whenever there is converting between

h&' analog and digital. The uncertainty is always % 1/2 of the least-signifi- |
’:? cant-bit of the coaverter.

3:.:' A/D input offset current

:“ﬁ The analog-to-digital converter's offset is affected by the output

i:' impedeace of the previous stage. A higher output impedance results in more
1:} offset. In this case the offset is negligible because the op—amp in the
W previous stage has a very low output impedence.

%!f A/D nonideal gain and offset

" Equation 2 compensates for the temperature-dependent gain change of
%* the A/D converter. The nominal full-scale voltage ranges are 5.0, 2.5,

.f 1.0, 0.5, 0.25, and 0,1 V; there is a set of coefficients for each of the
k;‘ six voltage ranges. The program uses a table to select the proper set of
:) coefficients. Figure 7 shows the raw data and regression plot for each
i%‘ voltage range.

): The raw output of the A/D conversion is corrected for offset shift by

eq 3. This offset error is temperature dependent and can be approximated

by a linear equation.

<.
;éé A/D long-term stability
i§ The long-term stability of the circuit is both unknown and uncorrect-
Ny ables The circuit board has not been in use long enough to be evaluated
£ » over the long terms The user should keep in mind though that most elec-—
Sﬁ; tronic instruments should be recalibrated at least once a year.
;;j Instrument error analysis
;2? An error analysis was performed for two assumed field conditions. The

£

s

first was to keep the thermistor's temperature at 0°C while varying the
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Table 1,

Error
source

Temperature (°C)

0.1~V range

0.2430

0.2420

0.24i0

02400

02390

o
o
(=]
>

Full Scale Voltage

Ce

40
Temperature (°C)

0.5~V range.

Calibration curves for A/D converter (center
confidence band shown.)

Temperature (°C)

~5

40
Temperature (“C)

0.25-V range

curve i3 eq 2 with 90%

Thermistor at 0°C with instrument temperature varied.

Display round-off
A/D nonlinearity
A/D quantizing
A/D non~ideal gain
Analog PCB offset

Total bits

Equivalent °C

o
oO=0O 00

i+

0,027 0,027

3,43

0.027

O=O 00

0,027 0.027

3.67

0.029

.64
.5

.5
.6

ONOOC

1
17

4,42

0.031 0,032 0.033 0,035

*Estimated
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Table 2. Thermistor and instrumeant at the same temperature.

Error Temperature (°C)

Source 20 15 10 5 0 -5 ~-10 -15 -20 ~25 -30 -35
Display round-off + 0,26 0.32 0,40 0,50 0.64 0,81 0,42 0,53 0.69 0,90 0.59 0.78
A/D noalinearity + 0.5 0.5 0,5 0.5 0.5 0.5 0,5 0.5 0.5 0.5 0.5 0.5
A/D quantizing + 0,5 0,5 0,5 0.5 0.5 0,5 0,5 0,5 0.5 0,5 0.5 0,5
A/D non-ideal gain + 1,60 1.64 1,67 1,74 1.76 1,93 2,37 2,53 2,69 2,85 1.40 1.48
Analog PCB offset + 0,18 0.14 0,12 0.10 0,10 0,10 0.10 0.11 0,12 O0.14 0,17 0Q.19*%
Total bits + 3,04 3,10 3.19 3,34 3,50 3,84 3.89 4,17 4,50 4.89 3,16 3,45
Equivalent °C + 0,059 0,049 0,040 0.033 0,027 0,024 0,047 0,039 0,033 0,027 0,027 0,022

oa S -‘.~\. . » ."n et B
DAY [y Q'Q,s Lx L Vi ~‘ \ 'j\" ¥

* Estimated

instrument's temperature. This condition corresponds to water temperature
measurements made in the fields The instrument accuracy was calculated at
5°C intervals over the -35°to 20°C range (Table 1). The secoad condition
was to have both thermistor and the instrument temperature the same. The
instrument accuracy was again calculated at 5°C intervals over the same
-35° to 20°C range (Table 2). This condition corresponds to air
temperature measurements made in the field.

The main source of error was the uncertainty assocliated with regres-
sion equations describing the temperature-dependent variations of the A/D
board's full-scale voltage. The uncertainty of these regressions, found
using the 90%Z confideance bands, could be reduced by taking more calibration
data for the A/D board within the operating temperature range of the
instrument.

The error calculations in Table 3 are for CRREL thermistor serial no.
1805, which has a resistance of 5931.5 Q and a change of 255 2/°C at 0°C.
Each error was coaverted to an equivalent number of bits at the A/D board
then all the bits were summed to produce the total system error. The total
system error in bits was changed to an equivalent temperature. The total
system error describes the error band about the actual temperature.

Table 3 contains the results of a calibration done on 9 and 10 January
1985, The instrument was placed in a cold chamber and connected to a known
resistance. The temperature of the chamber was set and the instrument
allowed to equilibrate at that temperature. The known resistance was used
to simulate thermistor no. 1805. The instrument temperatures were held

constant at four temperatures between -18.3° and 24.0°C. For each
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- Table 3. Calibration on 9 and 10 January 1985 (°C).

Simulated Error* Simulated Error*

Ambient temperature 24,0°C

~1,00 0.00 1.00 0.00
-0,50 0.00 0.50 0.00
~0.,40 0.00 0.40 -0,01 0,00
-0,30 0,00 0.30 -0.01 0.00
-0,20 0,00 0,20 -0,01 0,00
~0.10 0.00 0.10 0.00 -0,01
0,00 0.00
: Ambieat temperature 3,9°C
‘(-
:, -1,00 -0.03 1.00 -0,01 0,00
.. -0.50 ‘Oool 0050 -0001 0.00
i; -0.40 ~0,02 0.40 -0,01 -0,02
’..' -0030 0.00 '0.0l 0.30 -Oool
g ~0.20 0.00 ~0.01 0.20 -0.01 0,00
qoy -0.10 -0.02 -0.01 0.10 -0.01
‘g 0.00 -0.01
o
v Ambient temperature -8,3°C
3 ~1.00 0.00 0.01 1,00 0.01 0,00
.-‘\_:; -0050 0.00 0.50 0.00 0.01
ool -0.40 0.00 0.40 0.00
-’,- -0.30 0.00 0.30 0.00
J _0.20 0.00 0.20 0.00
v -0,10 0,00 0.10 0.00
Y:e“' 0.00 0.00
o
;.'E:, Ambient temperature ~18.4°C
A
s -10.0 -0.02 10,0 0.04
-1.00 0.01 1.00 0.01
‘ 3*. ~0.50 0.01 0.50 0.01
Y -0.40 0.01 0,00 0,40 0.01
Ao -0.30 0.01 0.30 0.00 0.01
"'(."” -0.20 0.01 0.00 0.20 0.01 0.02
. | ~0.10 0.0l 0.10 0,01 0,02
.\J 0.00 0.0l 0.00
v
‘.$ *Two listings means that the LCD was continually shifting between
~._" them.
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Figure 8. Error analysis (°C).

instrument temperature the simulated thermistor temperatures ranged from
-1.0° to 1.0°C,

Figure 8 shows the comparison between the calculated and measured
errors with the thermistor held at 0°C while the instrument temperature
varied. As can be seen, the measured error was coansiderably less than the

theoretical errore.

SUMMARY

The following points would improve the instrument's performance.

l. Use a self-timed EAROM. This would eliminate some modifications to
the memory board and the processor board. The time delay circuit could
also be eliminated.

2. Add a low battery voltage indication on the display. Two of the
available A/D channels could be used to monitor the battery pack voltages
directly. A flashing indication would then alert the user to a low battery
condition.

3. Reduce the number of battery packs by using a DC/DC coaverter to
develop the needed voltages.

4, Use a 14 or 16-bit A/D for greater accuracy.

5 Add an indicator that shows when the battery pack is indeed charg-
inge.

6. Set the gain of the instrumentation op~amp to 10 rather than l.
This can be done easily by grounding the proper instrumentation amplifier
pin. This will allow the use of four ranges rather than two on the A/D,

improving the accuracy on the upper end of the temperature range.

16
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7. Take more calibration data (especially for the A/D PCB) within the
ambient temperature range of interest. This will decrease the uncertainty

assoclated with the regression equations.
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)
3
W
o) initialize;
Y, Stack pointer
11O ports
v LCD, AID

board, variables

)
"
s 1,
“l

L CALL
SAMPLE

Display error
message

Over range
error flag
set?

Cali
TMPCLC

.
™
:
it y

N Display
LY temp.
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: Figure Al. Program flow charts.
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b ' TMPCLC
o
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!
" Read ‘A’ :
| I’ constant from |
3 memory '
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N 1
‘ Read ‘B’
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A\ constant from
3\ memory
\
)
A l
: Read 'C’
; CCONST=0.0 constant from
" ? memory
h]

; $ Select range-

* dependent

; { coefficients
i

B0

)

' Make temp.-
‘&- dependent
}' corrections
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& g Calculate
Oy thermistor's
O resistance
N

A

.
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)

' L]

;. /) Steinhart-Hart
L] equation

4 calculates temp.
w

:" Return

3

LI\ be TMPCLC
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" Figure Al (cont'd). Program flow charts.
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( SAMPLE )

Read internal
temp. sensor

Clear all flags
and set A/D
to highest gain
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Call
FUNCTION

]

Read
thermistor

Over Vk

Select
next lower
gain

>

Set error
flag

J

—

/7
Return

Figure Al (cont'd).
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! ‘ FUNCTION '

. ‘FFFF’ signities ;
FUNCTION )

mode

-

ot Sl Yl

Display
constant
?

\ Display
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constant
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Enter
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constant
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E ; Enter new
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error
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Figure Al (cont'd). Program flow charts.
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LIV A4 H as ) ¢ (A?CCNST 7 1CC - ¢ (ABCCASTY 7/ - L4
UiLe i euxﬁfoicﬁsrc9"§5c606§88?3$? (A7CONS 0CCC.0) ¢ (ABCCAS 1€€00C00.C)
BUILD iz 3UILLC ¢ CA1CCONST 7 1000CCOCCC.C) ¢ (A11CONST / 100CG00CC00.C);
N0 BCONST:= EUILC » akuli; (* FINAL RESULT o)
- ’
1€ BCCNST2],C THEN
eI e €.0;
B oUs
SUIL3 1= STCCNST ¢ (S2CONST 7 10.0) ¢ (SICONST / 100.0) + (B4CONST / 1CCC.0) ¢ (BSCONST /
SUILD := SUILE ¢ (BOCCNST 7 1C00CQ.0) + (87CCNSY / 1CCCCCO.0) 4 (BECCNST / 1CC00C00.0) +
(89CCNST / 10000060063 :
BUILE := QUILE ¢ (B1CCONST 7 100CCO0OCCO.C) ¢ (BI1CONST / 100C000CC00.C);
€CONSYT:z BUILE » BMULT; (s FINAL RESULT »)
END;
1F CCONST=gC THEN
o EUILY := C,.0;
SUILE := cicézascvoggzcousr / 10.C) ¢ (C3ICONST 7 100.C) + CC&CONST / 10GC.0) ¢ (CSCONST /
EUILG := BUILL ¢ C(COCCNST 7 1C00CC.0) + (C7CCNST / 1CCOCCO.0) ¢ (CBCONST / 1CC00C00.C) ¢
(CocehsT 1 126000¢00.03;
ey1L) 1= BUILE ¢ (CICCONST 7 £000CC0.0) ¢ (C11CONST_/ 100€000C000.0);
enes CCONST:2 2UILE » CMULT; (e FINEL RESULT &)
,
A AMP F
CASE amPgal¥etn (» S.C VCLT RANGE #)
FANGE (e TRIS RANGE 1S UNUSED )
CEESE (+ NUMBEF OF BITS ORIFT IN A/0 OFFSET BETWEEN =4C & 420 o)
iCoZF
SCOEF
CCOEF
CCOEF
ENC:
1:8EGIN (s 2.5 VCLT RANGE +#)
RANGE := 2.5 (o ThIS RANGE IS UNUSED »)
CFFSETM:= 7.3616-03; (e NUMAER OF 8ITS DRIFT IN A/C OFFSET SETWEEN =4C & +20 )
CrFSeTa:e-14,C1;
BCOEF1:=  2.§100¢;
9CCEFt:s - .sfsosas-ct:
CCOEEY:= .9&!3: E-C?;
Ci0eF1:=s -9.€7138¥7:-91;
ENC;
2:BEGIN RANGE 12 1.Cs (e 1,0 VCLT KANGE +)
CFFSETN:= 7.5618-CY; (* NUMSER OF 2ITS ORIFT IN A/0 OFFSET BETWEEN -4C T 20 )
CEFSETO:2-14,49;
scosfris 1.i210e
€CO0EF1:2 -0,0160¢2E~-04;
£1: LS169e8E-C3;
SERERYIT §i3lEBEREchi!
eNC;
teeeIk . (* 0.5 VCLT RANGE @)
b o35
CFESETM:a 9.5915-03; (e NUMBER OF BITS DRIFT IN A/D OFFSET BETWEEN =4C 6 +20 »)
T
] H . €32
et g
feheelit Brs5o0tRecT i
NG
CIBEGIN e ouis (* 0,25 VCLT RANGE o)
¢ 2 Y4
CFFSETM:= 7.56;E‘C33 (o NUMBEF OF BITS ORIFY IN A/C OFFSEY BETWEEN ~&( & ¢2C o)
CFFSET2:2-10 !9
BCOEF] ;= é.§ gge;: .
A R
IR Rt it
END
SIOEGIN . €o 0.10 VOLT RANGE o)
ENeErit. 9:084e-03; (e NUPRER OF BITS ORIFT IN A/D OFFSET BETWEEN ~4C § 20 )
T T
HIHI 1es 1?%-86:
CCOErFt:x DiaQ3igs-gsl
CE0EFIsx =3o317P19¢-12;
ENCS

END/

VES :3 ACOEFY o (SCOEFY o AM2TMP) & (CCOEF1 o AMETMP & AM3ITMP) « (Dcsstl ;C:rgtch;leg'T'. « AMSTHP); (» ACTUAL

Y :x NUMEER ¢ (OFFSETM « AMETMP ¢ OFFSETH); (e CALC. THME OFFSET CRIFT FOR TME A/C § CORRECTY “NUMBER® o)
MYADC = (Y/4055)eVFS; (e CALC, THE ACTUAL VOLTAGE GCING INTO TRE A/C CCNVERTER o)
o ANAL PCE CORRECTION BACTCR FOLLCWS..o *)
a AMBTPP) o (CCQEF; . AFS?&’ E ISQ‘H') . (BCO%#S * AMB ﬂ; A ANBTHP o ARBINP);
(e CALC., THE ACTUAL mv ACROSS THE THERRISTOR o)
7¢-Cé; (e FIMALLY CCNVEPT av TO RESISTANCE o)

H

: !CCNSY ® Y ¢ CCCNSY o Y o SQR(Y); (o STEINFPARY, MART ECUATION o)
/7 % - 273.15; (o CONVERT TC CELSIUS #)

CFESEY := TEMP =~ C.01; (o CALC, CEESET FOR THMERPISTCR IN TRIPLE-POINT CELL *)
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>>> SXENTX MAC <<«
NEDBC *

TITLE tntxf = entry / exit code for Microsoft 2020 Pascal
SUBTTL Strrplex=1I vers:ion

Syster and grocedure enrtry &nd exit pcint rcutines
William Fox, Bgril 16%2

[ YL YL 7S SR N

Glckals
PuBLIC  ssTARY
. FUBLIC ESCXCC,ICTECC,ENCXCCIERTEQC,FXRSHEC
’ EXTRA BEGHCO,3IEG0Q02,CSXECI,CURHCQALEFGXQQ
EXTRAN ENGMCC,eACOOS, ENDUICPENDYCQ,ENTGRC
EXTRN FRPXCG,GAPHQC,HDRF LG HCRYCC,INIUCT
EXTRA INTHCC/PAUXSC/RECEQC REFEQIAREFZTT
. EXTRN RESECI,STKAQT,STRuCY
H
. SATEN  $MMRY
E Qefined sywhols
=EHTP SET 1FFFp ;Top of availihle mewory (note constants are octel)
EXIT SET co0sw sadr cf exit routine
:
IsTART: Jmp BEGXCS
: SUATTL Pegxcqg - syster entry point #nd initizlization routine
g Main system entry coint and initialization rcutine
: 1) Init the stack pcinter, frame pointer, and stkbaa.
H ¢) Init EFGAGY to 2grc.
’ 3) Init the hcap unit, ie, set beghcas curhaqs endhaoa, &nd stkhaag.
H &) Init the mochine error ccntext by 2eroinc reseqa.
; 3) Init the source error cortext by 28#roing csxeco.
; ¢) Init the urit initielization system by Zeroing pnuxac,
H 7) Init the file system by 2eroing hdrfac and hdrvqa.
; €) Init tre mzchira dependant file syster by calling inicoo.
; $) Call the esczpe initizlizeticer rcutine begooa.
: 1C) Call the main prcgram 2t entjaq.
o o C
BEGXCC: PCP 13 J(GMT) return address of PLM code
LXI r,0¢C
svLC CSXECS
Sntd ERPNLC sinit the frare pointer
SHLD ENUXCC
SHLY RESECQ
SuLt FORFCY
FORVE
E:%O r?((ngtf-Z) ang 1777700)0C;"%.== highest address =2 on even
'bo n r
SoML 31n=t thz stack ecointer
PusSH E J(GMT) gut return rdcress of PLN code on the new stack
Bex v
STKBCS sucon steck-heap collision, restore the so from this
snio 8ea " also used by ripgac for long Jumps

‘have I teen Fere before’ flag, to aveid

EFGAQy is used by ENLXCL as ¢
. H Frentoia.

recursive errors wit

Semenane

XA a
STA EFGXCT

Init the hefp unit

L L

§ﬂ§° :HHRV sround it to sven

LI LT3N

nov i8°

MVI F:O imark the first block as free

SHLD !EGN%O

1 ST

EALL Fxsnis sinit stkhaa :
’ ‘

A NIUuC ;init the machine decendent file system ;

EE#L Intuca ;%%n') return to the PLM mein pregl.-

CALL CECOCC sellow the user to irit things

CALL ENTGEQ 5:;{1 the meir orograw

JN? ENCACC ;2 finisned

SUBTTIL Erteca - entry point helper for $runtime

procedure brtecq (cffset: sord)

SRuntime entry point helper = {if this is tre top level entry into the
runtiee system, gtcre the user rcutire’s error context into tor esseca.

03 8

[V L TE PR IR PR Y P

= may return address
2 offset to my celler’s return sddress
st offset to my ccl{o;‘s return pddress
s?

1 alresdy done th

o

SECC
SECQ*?

*
[ )
(.t 183 5]
ZETOO V4O
~NPPCPIID
B L 2 L b
» mem
»

3% amOt L OGN P OO "'7 X Y NI AT ..‘4
9‘3 s ,‘,I‘:‘f‘:‘ﬁ‘:,‘&‘v.l‘igh\:li,.5‘!5 WX '!'.).'W R .J{J‘J. ‘9.“!',-;.‘0"{3l“"l..‘l.,'l'-.i s

; . ] R X
¥ \’5?}1‘34 1“!4. AR ’e*! RN 11‘.": )



v

AN
] _t!q(!

(A0

23, Wb

ok
RN

An

AN

+CE

enene
oxx
mee

s 00 un

sstor

sCe ¢

stve
the
$c
my €

Nemenenane

send

Exl

2 - of offset tc my caller’s return address

my caller’s freme pojnter
address of my celler’s return zddress
my callar’s return address

e the user’s pc

t my caller’s szved frame pcinter

the yser’s frame pointer
8C30 is an unsecrented wachine...
save 0 rs the segment bsse

tller’s callar’s stack pointer is escual

to vy caller’s treme pointer ¢

of ite compil

Endxcq - system eait coirt and terminzticn rcutine

invoke the escape termination routine ENDCCI.

¥s\om termination routire, enduqa.

MOV 8,C

CMA

Mov Coa

MOV a,t

(4.1

MOV Erl

INX [

LHLD FRPXCQ

CLaC [4

MOy Esm

INX r

mov Com

INX

XCHG

SALD REPECT

XCHG

MCV | ¥

Inx [

MOV CoM

XCHG

SHLC REFECT

Lxl r,Q¢C

SHLC RECZLQ

LHLs FRPXCS

Lxl Cr2+C

0AD 4

SHLD RESZICae
S3RTX: RET
. SUBTTL
7 Main syster terminztior routine
’
; 1) 1t EFGXQe is zerc, e
H 2) Close 21) open ftiles by calling endyac.
H 3) 1lnvoke the micrire dependent tile s
: 3) Returr tc Starclex by » jump to

08
ENDXCS: LCA EFGXCY

CRA A

JNI ENXY

INR 4

STA EFCXCQ

CALL ENDOCS
ENXT: CALL ENDYC o

CALL ENDUCS

JMP EXITe

SUBTTL Erteca

procedure ertecaq’
$Rurtime ex1t point relper -

Neneovemenane

R D3 C

’

‘

H

’

ERTECC: LHLD RESEC
XCHS
LHLD FRPXCQ
INX r
INX [
ueyv AsL
Sys £
LI Aon
$98 4
JC ERTX
LI +,CeC
sdLO RESECQ

ERTX: RET

. SUBTTL

;

s STREYC is o

; tre heap, 21f

; t00 close., STKHCQ s*ould @

.

FXSHCS: LMLE ENCHCD
XCHG
LnLd GAPHC D
DAD C
nov AL
CMA
L'l LoA
rQy AsM
CMA
nov hok
gNl 4
N%D svxnso
My 4,3770
3TA INTHCS
Re?

. €ND $SSTARY

;
END

Jrelesase the reesp pret

o A4 TAL LA L4
BERGEOL AL DS LA LA WGLEN S,

- exit point helper for Sruntire

1t 1°® returning from the too level

~

A A

32

entry intc tre runtire system, restore the orror context

:T error context sp

z c(reseqa)

* current fp .

:x my caller®s caller’s sp

enevene
- TIOX
- remr

sp greater than cr eaudl to reseaar
zero error context

YT

send cf ife cempil

fFxshea = public subrcutirs to covouts stkhaa

ted to cetect collision (within CAPHCQ) cf the stack and R
the current ’Y + STRNHQL doss not 8roduco 2 carry, they’re
«oys eaquel - Q0 ¢

CENDNM GAPHIL).

€ :z gndhqas ML := scratch

endhaa * caohce
e it

Jmake it two’s ccmplerment
Jreleese the reap prctection semsphore

T L] $;ﬁ & 4

ST L T e

¢

A%y

e

“. ' %*
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APPENDIX B: INSTRUCTIONS FOR OPERATION OF THERMISTOR METER VERSION 1.0

\
Getting started 1
l. Connect a thermistor to the counector on the top panel. Make sure
all connections are clean and dry. If the instrument is submerged
while in use, remove the thermistor connector and make sure that
the pins are dry. Any water could cause a leakage path around the
thermistor and have the effect of raising the measured tempera-
tures slightly. This effect will be more pronounced when low
temperatures are being measured.
2. Turn the CHARGE/OFF/ON switch to the ON position.
3. If the constants for this thermistor have been entered, the actual
temperatures will be displayed. 1If different constants are
required then follow the Entering constants procedure. If “FFFF"

is on the display then follow the Entering constants procedure
from step 2. (You will not be allowed to exit the FUNCTION mode

until all three constants have been entered.)
Entering constants
1. Enter "F" to invoke the FUNCTION mode. "FFFF" should be on the

display.

2. Enter "EA,", "EB" or "EC” to enter a new A, B or C constant
respectively. For example to enter a new “B" constant simply type
"EB. "

3. The display will now show "AAAA,” "BBBB" or "CCCC.” The 11
digits must now be entered, with trailing zeroes if needed. The
display will scroll to the left as they are entered. If you make a
mistake you may back up a digit at a time by entering "B". This will
cause the display to scroll to the right. Any digits that roll off
the right end of the display are lost and must be reentered. After
entering the eleventh digit you will be returned automatically to
function mode signified by "FFFF” on the display.

4, Repeat steps 2 and 3 as needed.

5. The constants may be verified by following the procedure
Displaying constants from step 2.

6. Return to the temperature mode by entering "EE."

33




Displaying constants

1. ENTER "F" to get into the FUNCTION mode. "FFFF" should be on the
display now.

2. Eanter "DA,” "DB” or "DC" to display the A, B or C constant. The
first four digits of the mantissa will be displayed. You may look at
the rest of the digits by pressing any key. Each keypress will bring
up the next group of four digits until all 12 have been seen. The
third keypress will bring you back to the function mode, signified by
"FFFF" on the display.

3. Return to the temperature mode by entering "EE."”

If you make a mistake and enter an illegal command, the display will
blink “EEEE"” at you briefly then return to "FFFF". You may now try

again,

There are rechargeable batteries in the meter. They may be charged in the

following manner:

1. Turn the CHARGE/OFF/ON switch to the OFF position.

2. Locate the line cord. It has a three-pin grounded plug on one end
and an eight-pin Bendix connector on the other.

3. Mate this Bendix connector to the one on top of the instrument and
lock it in place. Make sure the pins are clean and dry.

4. Plug the other end of the line cord into a grounded 110-Vac
outlet.

5. Turn the CHARGE/OFF/ON switch to the CHARGE position.

The batteries should be fully charged in about 8 hours. The meter
should run continuously for 6-8 hours under normal conditions. The

battery life may be less when the ambient temperature is below -20°C.

CAUTION: The meter has been sealed completely to waterproof ft. Removal

of the top panel or turning of any screw heads on the outside of
the box will break this seal.
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